Abstract Both agricultural intensification and abandonment have led to the loss of European semi-natural grasslands. Nature conservation management measures like mowing are essential for preserving the biodiversity of remaining grasslands. However, there are no conclusive results from studies examining effects of different mowing frequencies across Europe. To fill this gap, we evaluated data from European studies comparing mowing frequencies to determine which are the most beneficial from a nature conservation viewpoint. We searched literature for short-and long-term studies comparing the effects of different Communicated by David Hawksworth.
Introduction
Semi-natural grasslands in Europe were created and maintained by traditional agricultural practices like grazing and mowing for hay making, which have been used since the Neolithic Age, and the Iron Age or Roman period, respectively ). Management of semi-natural grasslands is essential to prevent afforestation as a result of secondary succession (Hansson and Fogelfors 2000; Kahmen et al. 2002; Wahlman and Milberg 2002; Peter et al. 2009 ). In addition, management (e.g. by mowing) reduces abovegroundbiomass and contributes to nutrient depletion, which promotes the biodiversity of these habitats (Al-Mufti et al. 1977; Oelmann et al. 2009 ). As a result, semi-natural grasslands often harbour a high number of plant and animal species (e.g. D'Aniello et al. 2011; Chytrý et al. 2015) . In fact, some grasslands are among the most species-rich habitats in the manmade landscape of Europe Wilson et al. 2012) . Many of the species present in semi-natural grasslands are confined to this habitat type and are highly dependent on it for their survival. In addition, semi-natural grasslands provide essential ecosystem services like pollination, water regulation and protection from soil erosion (Öckinger and Smith 2007; Bazzoffi 2009; Hönigová et al. 2012) . The modernization and intensification of agricultural practices from the 20th century onwards have led to a considerable loss of semi-natural grasslands due to abandonment or conversion of semi-natural grasslands into arable land, conventional fertilized grasslands or forest either through tree planting or natural succession (e.g. Wahlman and Milberg 2002; Firbank 2005) . As a result of the high number of specialized grassland species confined to this habitat type and the loss of grassland area, semi-natural grasslands are recognized as being of high conservation value (Crofts and Jefferson 1994) .
The maintenance of the remaining traditionally-managed species-rich semi-natural grasslands is becoming increasingly more difficult, for example due to the high cost of sustaining management in marginal areas (Schreiber et al. 2009; Török et al. 2011) , especially in the face of the limited funds available for subsidies from the European Union and other sources. Therefore, it is important to optimize the utilization of the available resources while still ensuring that the best management method is used to preserve the conservation value of semi-natural grasslands. Previous studies comparing management effects have mostly focused on comparisons of different management methods (e.g., mowing, grazing and burning) with varying results (e.g. Moog et al. 2002; Römermann et al. 2009; Milberg et al. 2014; Tälle et al. 2014; Valkó et al. 2014; Tälle et al. 2015 Tälle et al. , 2016 Bonari et al. 2017; Gilhaus et al. 2017) . However, in addition to the management method, management intensity (i.e. plant biomass removal rate) can also affect grassland biodiversity. Previous studies have revealed a positive effect of a high frequency of biomass removal on grassland biodiversity (e.g. Komac et al. 2014; Tälle et al. 2015) . However, many of these studies have focused on the effect of different grazing intensities rather than the effects of different mowing intensities, like the frequency of mowing events. The existing studies mainly compare annual mowing with mowing more or less frequently than once per year (e.g. Bakker et al. 2002; Hájková et al. 2009; Milberg et al. 2017) . Results from such studies vary, with evidence in favour of both a higher (e.g. Köhler et al. 2005; Noordjik et al. 2009; Simões et al. 2013; Szépligeti et al. 2018 ) and a lower (e.g. Jantunen et al. 2007; Everwand et al. 2014; Kőrösi et al. 2014 ) mowing frequency. However, it is uncertain if the conclusions from single studies are representative for grasslands in general as grassland site conditions may differ substantially (Tälle et al. 2016) . Furthermore, most studies only focus on one organism type, span only a few seasons and are of lower quality as they are un-replicated (Tälle et al. 2016) . Therefore, the general effects of different mowing frequencies on the biodiversity of plant and animal species in semi-natural grasslands remain unclear, and there are no clear guidelines for choosing the most beneficial mowing frequency.
One way of providing better decision support for managers while overcoming differences between studies and the problem of low quality studies is using meta-analysis to synthesize the results from available studies (Pullin and Knight 2001; Milberg 2014) . Studies analysing the effects of mowing frequencies on a larger scale across Europe are lacking (but see Marriott et al. 2004 , which focuses on the effect of management extensification in upland areas). Thus, our goal was to determine which mowing frequency is the most effective for preserving the biodiversity of plant and animal species in semi-natural grasslands, using a meta-analysis approach.
Methods

Literature search strategy
In October 2015, studies in any language, comparing different mowing frequencies were searched for using the databases Scopus, Biological Sciences, Biological Abstracts and Agricola. The search terms used were mow*, hay*, scythe*, harvest* or cut*; and frequenc*, intensit*, regime*, month*, "every other", "every second", "every third", "mow* time", "mow* date", "harvest* date", "harvest time", "hay* date", "hay* time", "cut* date", "cut* time", season*, or interval*; and grassland*, meadow*, fen*, heath*, wetland*, marsh*, bog* or reed*; and management (where * indicates a wildcard). Only studies performed in Europe were included as we expected European grasslands to have a similar history of formation and agricultural policies compared to grasslands outside of Europe. The exclusion of non-European studies was specified by including the search terms NOT "North America", Australia*, or Chin*, as it was expected that the majority of non-European studies were from these places. Any non-European studies included despite the exclusion terms were manually excluded. From the list of articles resulting from the literature search, four highly relevant and well performed studies were chosen as sources of additional articles suitable for inclusion. All articles found in the reference lists of these articles and lists of papers citing these articles, which were not already found in the literature search, were added to the article list.
Inclusion criteria
First, the articles from the literature search were filtered by title, discarding obviously irrelevant studies. Second, the abstract of the remaining articles was examined and any study comparing different mowing frequencies were kept for the next stage. If the title of an article was ambiguous, or the abstract was missing or ambiguous, the article was kept for the next stage. After the examination of abstracts the full text of the remaining articles were examined in detail.
Studies eligible for inclusion in the meta-analysis had to compare at least two different mowing frequencies. Studies comparing the timing of different mowing events during the same year (e.g., beginning and end of summer) were excluded, as these comparisons were outside of the scope of the present study. Mowing once per year was chosen as the reference treatment (required by the analysis method chosen, see Data synthesis), and therefore had to be used as a treatment in all included studies. Mowing once per year was chosen because most studies included this mowing frequency. In addition, this is the most commonly used mowing frequency in species-rich grasslands (Kapfer 2010; Hejcman et al. 2013) . Furthermore, included studies had to examine a relevant outcome for the conservation of semi-natural grasslands. For example, studies on species richness or abundance of desired plant or animal species were included, while studies focused on biomass production or soil nutrients were excluded. In addition, only studies where the desired outcome was clear from a conservation viewpoint, e.g. a higher mean species richness, were included. Studies had to contain data in the form of estimates with a measure of variation (e.g. means and variance). Studies where fertilizers were used during the study period were excluded, as well as studies where grasslands were grazed before or after mowing.
Data extraction
For the studies that met the inclusion criteria, the sample size, mean and standard deviation (SD) of the studied response variables were extracted (or calculated where a variance measure other than SD was provided). If the sample size or variance measure was not presented or the variance measure used was unclear, we contacted the authors for this information. Of the 17 contacted authors, nine were able to provide additional information. Some studies presented data in figures and in these cases the data were obtained using the program Plot Digitizer (Huwaldt 2014) .
In the end, data from studies comparing annual mowing to six different mowing frequencies (mowing every fifth, third and second year and mowing two, three or four times per year) were included in the meta-analyses (Table 1) .
The data were compiled in spreadsheets along with information on study characteristics (e.g., grassland type, previous management and the organism group for which data was recorded). The study characteristics were used as explanatory variables in the metaanalysis, making it possible to group and analyse similar studies together. Some classes of explanatory variables were combined to ensure the inclusion of enough studies for The conclusion is taken from the outcome (ln(RR)) of the present meta-analysis, not the actual study. The numbering of the studies represents the study locations in the map available in Online Resource 1, Exp. = experimental, Obs. = observational meaningful analyses. For example, the studied countries were combined into the classes South, Central or Northern Europe, and all studies on any type of insect species was combined into the class Insects. Only information on the characteristics explicitly specified in the studies were used. Exceptions to this were the growing season, where information was obtained from Rötzer and Chmielewski (2001) , as well as altitude and continentality, which were obtained from Hijmans et al. (2005) . The continentality was calculated using where k is the thermal degree of continentality in percent, A is the difference in temperature between the warmest and coldest months and ϕ is the latitude of the study site in question (Gorczýnski 1922) . Continentality was mainly used to separate studies on an east-west gradient across Europe (see Online Resource 1, Fig. 1 ). More information on the explanatory variables used can be found in Table 2 . Note that the grassland type was classified as unknown if study sites were termed "grassland", as it was impossible to know whether the use of the term grassland was a strict categorisation or not. The "historical management" was considered being the grassland management prevailing in the area before agricultural intensification, while the "recent management" was the management in the study site immediately prior to the onset of the respective studies, used as a way of identifying if changes in management method occurred at the start of the study. For those studies that contained data from several years, only data from the most recent inventory was used in the meta-analysis.
Data synthesis
To compare the effect of different mowing frequencies, the response ratio (RR) was used, i.e. the ratio of the outcome in the alternative mowing treatment to that in the annual mowing. First, the overall weighted mean ln(RR) was calculated for all studies and mowing frequencies. Second, the analysis of the explanatory variables was performed. The overall weighted mean ln(RR) within each class of each explanatory variable, and each mowing frequency was calculated. All studies with explanatory variables classified as unknown were removed from the analysis of that specific explanatory variable but were included in other analyses.
In all analyses, ln(RR) was calculated using random effects models. To avoid bias in ln(RR) due to small sample sizes, Lajeunesse's (2015) method of calculating ln(RR) and the variance of ln(RR) was used where X is the mean, T is the treatment group (the respective mowing frequency), C is the control group (mowing once per year), SD is the standard deviation and N is the sample size. A negative ln(RR) signifies that mowing once per year is better while a positive ln(RR) signifies that the other mowing frequency is better. Results can be considered statistically significant (i.e. rejecting the null hypothesis of no difference) if the confidence interval does not overlap zero. Analyses were also run when combining all studies comparing mowing less frequently than once per year or all studies comparing mowing more frequently than once per year. Analyses were made using the software Comprehensive MetaAnalysis 2 (Biostat, Inc 2006) . 
Sensitivity analyses
To test the robustness of the conclusion of a meta-analysis, sensitivity analyses were performed. The robustness is low if any study has a large impact on the results compared to other studies (Philibert et al. 2012) . To adequately test the robustness of the results, three methods were used. First, analyses were run while removing one study at a time to examine the impact of that study. For all studies contributing more than one response variable to an individual analysis, the overall weighted mean ln(RR) of all response variables from that specific study was used in the analysis instead. Studies with more than one class of the same type of explanatory variable (e.g., if more than one organism was studied or several outcomes were measured) were not included in the sensitivity analysis of that specific explanatory variable. Second, analyses were run while removing one response variable at a time to examine the impact of that response variable. Third, analyses were run with only one response variable per study site (randomly selected when there was more than one response per site), to test if the results were influenced by non-independence between response variables from the same study.
If the results were robust, only small differences were expected between the results of the original analyses and the sensitivity analyses, and only modest differences between studies within the analysis of specific explanatory variables.
Publication bias
Publication bias arises when negative or statistically non-significant results are less likely to be published compared to significant results. This leads to over-estimation of management effects (Dwan et al. 2013) . We investigated the presence of publication bias in the studies included in our meta-analysis by means of Egger's regression asymmetry test. A publication bias is considered to exist if p < 0.1 (Egger et al. 1997) . 
Results
In total, a list of 2 271 articles resulted from the literature search. Of these, 1 112 were excluded based on their title and 722 were excluded based on the abstract examination.
The full text could not be retrieved for 11 of the 437 remaining articles, leaving 426 articles to be examined in detail. Of these, data from 29 studies could be used, with varying number of response variables per study (117 in total; Table 1 ). The high number of excluded studies is mainly due to the lack of relevant comparisons and/or data and the use of response variables irrelevant to the present aim, or to the lack of variance information for the response variables.
Overall analysis
Overall, mowing once per year was marginally more positive than mowing less frequently, while mowing more frequently than once per year had a more positive effect (Fig. 1 ). More specifically, mowing every second and fifth year had effects similar to mowing once per year, while mowing every third year was marginally worse. For the more frequent mowing regimes, mowing three and four times per year did not significantly differ from mowing once per year while mowing two times per year was significantly, but only slightly, better than mowing once per year (ln(RR) = 0.125; Fig. 1 ).
Analysis of explanatory variables
The results from the analysis of the different explanatory variables revealed that less frequent mowing generally had an effect quite similar to mowing once per year. More frequent mowing had a similar effect as annual mowing, but in some cases more frequent mowing had a more positive effect (Figs. 2, 3, 4, 5, 6, 7, 8, 9 and 10) . Exact values of ln(RR) for the explanatory variables can be found in Online Resource 1, Tables 1, 2,  3. For the analysis of geography, the different mowing frequencies had similar effects in Central Europe, mowing more frequently was better in Southern Europe, while results were unclear for Northern Europe (Fig. 2) . Effects also differed in the analysis of altitude, as all studied frequencies had similar effects in upland, while in lowland mowing less frequently had similar effects as mowing once per year, while mowing more frequently was more positive (Fig. 3) . Effects were similar in study sites of medium continentality. For sites of low continentality mowing more frequently was better, while results were unclear in sites of high continentality (Fig. 4) . For the analysis of growing season, effects were moderately clear with a higher mowing frequency being better in areas with longer growing season (Fig. 5) .
When analysing the study length, the effects of the mowing frequencies were similar for studies running up to 10 years, but more unclear for studies running longer than that. However, for studies running longer than 15 years, mowing two times per year was significantly better than annual mowing (Fig. 6) .
Across the different grassland types, mowing frequencies had quite similar effects. However, for fen grasslands and road verges a higher mowing frequency was slightly better than annual mowing (Fig. 7) . Effects were unclear for most of the included soil 1 3 moistures, but for wet grasslands a higher mowing frequency had a slightly more positive effect than annual mowing (Fig. 8 ).
There were similar effects of different mowing frequencies regardless of the historical or recent management. However, a higher mowing frequency had a more positive effect in grasslands where the previous management intensity was higher (e.g. arable use or previous use of fertilizers; Figs. 9, 10).
Most effects were similar when analysing the organisms studied, but with less frequent mowing being better for Gastropoda and more frequent mowing being slightly better for insects. Depending on the outcome measure used, effects were generally similar between 
Sensitivity analyses
In most cases, the sensitivity analyses of the overall results did not reveal any deviating studies, with effect sizes generally within the confidence interval of the original results. There were Figs. 2, 3, 4) . For the sensitivity analyses of the explanatory variables, there were also generally small differences compared to the original results, regardless of the type of sensitivity analysis used. For all these analyses, average difference in the effect size of the original results was less than 0.07, and there were only a few cases where result changed from significant to non-significant or vice versa (see Online Resource 1, Tables 1, 2, 3).
Publication bias
There was no evidence of publication bias (bias = 1.260, p = 0.152).
Discussion
The results from our meta-analysis combining results from 29 studies across Europe, comparing six different mowing frequencies with annual mowing, revealed similar effects on grassland conservation values for most mowing frequencies. The results from analyses . 7 Grassland type. The ln(RR) (with 95% confidence limits) of different mowing frequencies when grouping studies by grassland type. For further explanations, see Fig. 1 when combining all studies comparing less or more frequent mowing frequencies revealed a more positive effect of more frequent mowing (Fig. 1) . Any difference between mowing frequencies found were small however, as the difference in effect sizes was at most 0.126. For context, an ln(RR) of 0.1 represents the difference between a species richness of two communities consisting of 10 and 11 species. Sensitivity analyses confirmed the robustness of the results (see Online Resource 1). The few cases where results from the sensitivity analyses differed from the original results can be attributed to the fact that for some frequencies and/or explanatory variables only a few response variables were included, which makes these results more subject to sampling error.
The surprisingly small differences in the effects of different mowing frequencies on the conservation value of semi-natural grasslands can be interpreted in different ways. One important factor might be that the fact that any kind of management is actually applied is more important than the intensity of the management itself. For example, Tóth et al. (2018) showed that livestock type is more important than grazing intensity on plant diversity, while Batáry et al. (2010) found no effect of management intensity on the species number and abundance of bees and insect-pollinated plants. Another important point is that both a lower and higher mowing frequency can be expected to have both positive and negative effects at the same time. For less frequent mowing, the amount of litter might increase, which in turn hinders seedling germination and establishment. On the other hand, more frequent mowing might supress the seed set of certain species, thereby threatening their long-term survival (Kahmen and Poschlod 2008; Poschlod et al. 2011; Loydi et al. 2013) . Another interpretation is the fact that a lower or higher mowing frequency, which only marginally affects measures like species richness, might still affect the species composition in a grassland. Thus, it is possible that the abundance of each species decreases or the species turn-over increases while the species-richness remains the same, at least on a shorter time-scale, or that grassland specialist species are replaced by generalist ones. If this was the case, however, different results would be expected when comparing species richness and outcomes like Shannon diversity (which takes species abundance into account). We did not find this in the present study, contrary to an experimental study which compared mowing once per year with mowing every third year (Milberg et al. 2017) .
The question remains whether species richness is a suitable measure of "conservation value" at all. It would perhaps be more suitable to use the species richness and/or abundance of species of nature conservation interest instead, or to analyse the effects of mowing frequency on the occurrence of indicator species for well-managed semi-natural grasslands (e.g. Karlík and Poschlod 2009; Milberg et al. 2017) . One possibly important factor not taken into account in the present study, as this information was not available for most included studies, is the timing of mowing during the year. Effects might differ between early or late mowing (e.g. mowing in early June or late August). Mowing early may have negative effects on species with late seed-setting (Poschlod et al. 2011) . Combined with more frequent mowing, this can affect species ability to re-sprout, damaging populations of sensitive species (Grime 2001) . In fact, a study by Humbert et al. (2012) found a more positive effect of mowing in summer compared to spring-or autumn-mowing for plant species, while a later cut was better for invertebrate species. Further, the most suitable mowing frequency was highly site-specific even after controlling for different explanatory variables. This fact indicates that the mechanisms linking mowing to conservation value are complex.
In many cases, grassland productivity greatly affected which mowing frequency was the most suitable. A higher productivity results in a higher biomass production, potentially resulting in a higher management intensity (mowing frequency or grazing) being necessary to keep grasslands open and facilitate nutrient removal (Al-Mufti et al. 1977; Hautier et al. 2009 ). Regrettably, it was impossible to directly assess the effects across a productivity gradient as only few studies reported on the biomass production of specific grasslands. However, some of the explanatory variables analysed indirectly indicated the effects of productivity. A higher mowing frequency was better in grasslands with longer growing seasons (Fig. 5) , and these grasslands can be expected to produce more biomass overall (Park et al. 2016 ). An increase in the length of the growing season can be expected along a north-south gradient across Europe (however, not necessarily for dry grasslands) and along an altitudinal gradient from lowlands to mountainous areas. Consequently, a higher mowing frequency was better in Southern Europe. The same could be expected in Central Europe, but there different mowing frequencies had similar effects (Fig. 2) . This might be an effect of more arid grasslands in South Eastern Central Europe (e.g. in Hungary) having a lower biomass production despite long growing seasons (Heisler-White et al. 2008) . A higher mowing frequency was also better in some lowland grasslands, possibly due to the higher productivity (Fig. 3) , as a result of productive grasslands being at the descending part of the biomass-species richness humped-back curve (higher productivity and lower species richness) (Guo 2007; Kelemen et al. 2013) . However, another possible reason for this trend is the higher occurrence of invasive species in lowlands, which may require a higher mowing frequency to control (Becker et al. 2005) . Productivity is probably also the reason why more wet grasslands and grasslands with higher soil moisture benefitted from a higher mowing frequency (Figs. 7, 8) . Wet grasslands are often characterized by higher productivity (Fay et al. 2008 ) and quicker vegetation dynamics than dry grasslands because of faster succession (Rosenthal 2010) . Furthermore, there is often a higher occurrence of clonal species in wet grasslands (e.g. Cyperaceae), which are less sensitive to more frequent mowing or intense grazing (Benot et al. 2011) . In some studies, wet grasslands such as fens have been found to be more rapidly overgrown by shrub and tree species and might therefore require a higher mowing frequency (Klimkowska et al. 2010 ), but other studies have not found this to be the case (Kahmen and Poschlod 2004) . A higher mowing frequency was also better in grasslands were the previous management intensity was high (e.g. arable use, application of fertilizers; Figs. 9, 10). This is probably also connected to the higher productivity in these types of grasslands, due to residual nutrients left in the soil or a high-density weed seed bank (Török et al. 2012; Karlík and Poschlod 2014) , which are typical for the first period after the conversion of management regime. In addition, during the initial stages of restoration or conversion to management by mowing, a higher mowing frequency might be necessary to support the vegetation development (Sundberg 2012) .
Results were unclear for explanatory variables less associated with grassland productivity. The Gorczýnski index of continentality (Gorczýnski 1922 ) is a measure of how the climate of a site is influenced by a landmass and the remoteness from oceanic air. In the present study, continentality turned out to represent the east-west gradient relatively well, with a higher value of continentality in Eastern European sites (see Online Resource 1, Fig. 1) . The results revealed a more positive effect of more frequent mowing in study sites of low continentality, similar effects across mowing frequencies in study sites of medium continentality, and mixed effects for high continentality sites (Fig. 4) . The unclear effects across the continentality gradient might reflect great differences between sites along this gradient. It should, however, be noted that the gradient in continentality was modest: all sites qualify as a "transitional maritime climate" based on Gorczýnski (1922) .
The analysis of study length revealed a similar effect of mowing frequencies for shorterterm studies and less clear effects for longer-term studies (Fig. 6) . The reason for the somewhat unclear results could be the more rapid vegetation changes in the first years after introducing a new management method or intensity (Lepš 1987) , and the fact that several different factors operate on longer time-scales in addition to management effects (e.g., climate change and atmospheric nitrogen deposition; Walther et al. 2002; Duprè et al. 2010) . However, the fact that mowing at a lower frequency did not have a clear negative effect in the long run compared to annual mowing suggests that less frequent mowing can be a viable management option.
There were similar effects across mowing frequencies for both the organism studied and the measurement used. No specific outcomes were expected for these analyses, except for insects and the class Gastropoda for which it can be expected that more frequent mowing has negative effects since previous studies have found positive effects of less intensivemanagement on nectar-seeking insects, grasshoppers (Littlewood et al. 2012; van Klink et al. 2015; Milberg et al. 2016 ) and the class Gastropoda (Gosteli 1996) . In the present study, no such trend was evident for insects while for Gastropoda a lower mowing frequency was better. The fact that there were quite similar effects for the majority of organisms and measurements confirm that there is no clear negative effect of any mowing frequency. However, it is important to note that grassland animal species can be negatively affected by certain mowing techniques (e.g. Humbert et al. 2009 ).
Management implications
The results of our analyses revealed surprisingly similar effects of different mowing frequencies with the exception of a clear small, positive effect of more frequent mowing. In addition, the analyses did not reveal any remarkable negative effects of mowing more seldom than once per year. This suggests that the funds available for the management and conservation of the remaining semi-natural grasslands could be used in a more effective way. By application of a management system with mowing of grasslands every second year (for example) the area of managed grasslands could be considerably extended, and nature conservation values could be maintained at a larger spatial scale. However, overly long gaps between cuts may lead to shrub encroachment resulting in a drop in biodiversity over time (Balmer and Erhardt 2000; Milberg et al. 2017) . It is important to consider that effectively decreasing the subsidies paid to private farmers (e.g. by paying the same amount less frequently) for each grassland might also decrease the incentive to keep up management despite the decreased management cost per grassland. Nevertheless, in the public or nonprofit sector (e.g., for the management of national parks), decreased management intensity could be beneficial both from a conservation and an economical viewpoint. It is also important to consider that mowing more frequently than once per year had a weak positive effect and might therefore be slightly more beneficial from a conservation viewpoint, if funds are not an issue. Furthermore, the specific site conditions are important when determining a suitable mowing intensity. In sites with high productivity, or sites which have previously been managed more intensely, a higher mowing frequency might be necessary. It is also important to consider the conservation aim when determining a suitable mowing frequency as effects on one or a few focal species or taxonomic groups may differ from the general conclusions of the present study.
